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ABSTRACT 

Measurements were made f o r  hel ium and methane flowing through t h i n  d i s k s  of 
c o a l .  A t  room temper- 
a t u r e  and a p r e s s u r e  d i f f e r e n t i a l  o f  one atmosphere t h e  flows along t h e  bedding 
plane were: helium, 873 x cm2sec-l, and methane 1 . 2  x cm2sec-l. Flow 
rates were 50 percent  lower a c r o s s  t h e  bedding p lane  of t h e  c o a l  than along t h e  
c o a l  seam. 
mo1e-l f o r  methane f o r  f low measured e i t h e r  a long o r  a c r o s s  the  bedding p lane .  

Flow increased w i t h  p r e s s u r e  d i f f e r e n t i a l  and temperature .  

A c t i v a t i o n  e n e r g i e s  were 3.9 k c a l  mole- l  f o r  helium and 13.6 k c a l  

Knowing t h e  r a t e  a t  which gases  w i l l  d i f f u s e  through coa l  w i l l  h e l p  not  on ly  
i n  understanding r e a c t i o n s  t h a t  can alter t h e  p r o p e r t i e s  of c o a l ,  such as oxida- 
t i o n ,  b u t  a l s o  in s tudying  t h e  dra inage  of methane and o t h e r  combustible gases  
from c o a l  mines. Of a l l  t h e  methods of measuring d i f f u s i o n ,  varying from t h e  
de te rmina t ion  of massive emiss ion  from a coal-mine face to  t h e  measuring of desorp-  
t i o n  from micron-size p a r t i c l e s ,  gas  t r a n s p o r t  through s o l i d  c o a l  s e c t i o n s  appears '  
t h e  most promising. 
s e c t i o n s  o f  c o a l  c u t  p a r a l l e l  and perpendicular  t o  t h e  bedding p lanes  of the c o a l  
seam.  T e s t s  w i t h  a series of d i s k s  from v a r i o u s  l o c a t i o n s  i n  t h e  same mine have 
s h m  reproducib le  r e s u l t s .  Prev ious  i n v e s t i g a t o r s  have encountered d i f f i c u l t y  
io areasuring low flow rates through s o l i d  c o a l .  With a h igh  s e n s i t i v i t y  
(500,000 d i v i s i o n s  p e r  t o r r )  mass spec t rometer  w e  have measured t h e  flow of 
methane and o f  helium, a r e f e r e n c e  g a s ,  through s o l i d  s e c t i o n s  of  c o a l .  Methane, 
the c h i e f  component o f  f i r e  damp i n  a c o a l  mine, h a s  a very  low rate of  d i f f u s i o n  
a t  t h e  temperatures  u s u a l l y  found in  mines. 
gas  i n  c o a l  mines; flow mechanisms inc lude  d i f f u s i o n  through t h e  micropore s t r u c -  
t u r e  and permeation through the f r a c t u r e  system. 

F o r  t h e  p r e s e n t  experiments ,  t h i n  d i s k s  were prepared from 

CervikLI h a s  discussed t h e  flow of  

Labora tory-d i f fus ion  experiments  repor ted  by o t h e r  i n v e s t i g a t o r s  have been of 
two types .  
on ground c o a l  where g a s  p e n e t r a t i o n  i n t o  t h e  u l t r a f i n e  pore s t r u c t u r e  is d i f f u -  
s i o n  c o n t r o l l e d .  A second technique i s  t h e  d i r e c t  measurement o f  s flow a c r o s s  
a t h i n  s e c t i o n - - t h e  method used i n  t h i s  i n v e s t i g a t i o n .  Z w i e t e r i n g ?  and S c h i l l i n g z /  

One type of  experiment  is t h e  measurement o f  s o r p t i o n  o r  d e s o r p t i o n  

, 

s i o n  c o e f f i c i e n t s  on  methane s o r p t i o n  o n  powdered c o a l .  G r a h a d  and 
repor ted  d i f f u s i o n  c o e f f i c i e n t s  f o r  methane flow through a t h i n  sec-  

t i o n  o f  c o a l .  

Gas f ow rate,  1 -1 

S v i e t e r i n  21 Powder 27 2 x 10-1* 
Powder 73 6 3 x 10'10 

Graha& Disk 760 1 5  x 10-8 
Sevens ter5-l Disk 400 3 x 10'11 
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Sorp t ion  methods r e q u i r e  an estimate o f  su r face  a r e a ,  pa th  l e n g t h ,  and f r e -  
quen t ly  a temperature e x t r a p o l a t i o n .  
d e s o r p t i o n l l  r epor t ed  d a t a  i n  t e r n s  o f  cm3g-lsec-l .  
comparing gas f l o w  a t  va r ious  temperatures  and p r e s s u r e s .  The d a t a  presented i n  
t h i s  paper  may be more p rope r ly  de f ined  as flow r a t e s  than d i f f u s i o n  c o e f f i c i e n t s .  
The r a t e s  a r e  expressed a s  cm2sec-l based on t h e  volume o f  gas  t r a n s p o r t e d ,  t he  
geometric area o f  t h e  f ace ,  and t h e  th i ckness  of  t h e  coa l  d i s k .  

Hofer61 us ing  adso rp t ion  and Walker u s ing  
These d a t a  are u s e f u l  f o r  

EXPERIMENTAL 

Our experimental  procedure i s  a mod i f i ca t ion  of t h e  method r epor t ed  by 
S e v e n s t e r . l /  Coal d i s k s  were prepared from sound c o a l  samples s e l e c t e d  from t h e  
Bruceton Mine i n  the  P i t t s b u r g h  seam (hvab c o a l ) .  A sample was considered sound 
i f  i t  had no v i s i b l e  c racks  and i f  t he  helium flow m e t  s t anda rds  e s t a b l i s h e d  by 
t e s t i n g  a l a r g e  number o f  coa l  d i s k s .  The d i s k s  were c u t  and ground t o  13 t o  
1 9  uun d iame te r  and 1 to  6 mm th i ckness .  Disks about  1 mm t h i c k  were good f o r  
p re s su re  d i f f e r e n t i a l s  of  20 t o  120 torr ,  b u t  6 mm th i ckness  was necessa ry  f o r  
p re s su re  d i f f e r e n t i a l s  of about  1 atmosphere.  The d i s k s  were prepared so t h a t  
gas flow could be measured e i t h e r  a long o r  a c r o s s  the  bedding plane of t h e  c o a l .  
Each c o a l  d i s k  was sea l ed  wi th  epoxy cement t o  t h e  f l a r e d  end of a g l a s s  tube 
which had been fused i n s i d e  ano the r  g l a s s  tube (Figure 1).  T h i s  e s t a b l i s h e d  two 
bulbs  sepa ra t ed  by t h e  coal d i s k .  The bulbs  were evacuated t o  less  than 1 micron 
p r e s s u r e  over  a per iod of 18 hour s  a t  100" C .  A f t e r  evacuat ion bulb A was f i l l e d  
w i t h  hel ium o r  methane a t  20 t o  760 t o r r .  Bulb B w a s  opened a t  a p p r o p r i a t e  i n t e r -  
v a l s  and t h e  gas analyzed by m a s s  spectrometry.  Gas flows were measured a t  approx- 
imately 10" C i n t e r v a l s  between room temperature  and 100" C with t h e  temperature  
c o n t r o l l e d  with an e l e c t r i c  h e a t i n g  j a c k e t  and the rmos ta t .  Gas flow rates  were 
expressed as cub ic  cen t ime te r s  ( a t  s t anda rd  cond i t ions )  o f  helium o r  methane 
which would pass  pe r  second throu h a d i s k  1 square cen t ime te r  i n  c r o s s  s e c t i o n  
and 1 cen t ime te r  i n  th i ckness  (cmgsec-l). The p r e s s u r e s  i n  t h e  two b u l b s  remained 
e s s e n t i a l l y  cons t an t  du r ing  each  experiment.  

The p re t r ea tmen t  o f  t h e  c o a l  d i s k  s t r o n g l y  inf luenced t h e  i n i t i a l  rate o f  gas 
f low.  The s tandard p re t r ea tmen t  (evacuat ion a t  100" C f o r  18 hours)  was designed 
t o  evacuate  gases  from t h e  coal-pore system wi thou t  a l t e r i n g  the  c o a l .  Gas flow 
through a f r e s h l y  evacuated d i s k  was r ap id  a t  f i r s t  bu t  decreased w i t h  t i m e ,  and 
r ep roduc ib le  d a t a  could on ly  be obtained a f t e r  a n  induc t ion  per iod o f  s e v e r a l  days.  
A f t e r  3 days a cons t an t  flow r a t e  was observed. I n i t i a l  flow rates v a r i e d  with 
t h e  e x t e n t  of evacuat ion,  bu t  i n  a l l  cases t h e  d a t a  were r ep roduc ib le  a f t e r  a 
s t eady  flow r a t e  was e s t a b l i s h e d .  

RESULTS 

Data were obtained f o r  10 d i s k s  o f  varying th i ckness  and c u t  e i t h e r  a long o r  
a c r o s s  the  bedding p l ane  o f  t h e  coa l  seam. Helium flows were measured bo th  along 
and a c r o s s  the  bedding p l anes  a t  s e v e r a l  temperatures  between 24" and 100" C .  
Arrhenius p l o t s  gave a c t i v a t i o n  ene rg ie s  o f  3 . 9  k c a l  mole-1 f o r  flow i n  e i t h e r  
d i r e c t i o n .  The flow r a t e  a long the  bedding plane w a s  approximately t h r e e  times 
the  r a t e  a c r o s s  t h e  bedding p l ane .  Helium flows were measured a l s o  a t  a s e r i e s  of 
p r e s s u r e s  between 4 t o r r  and 760 t o r r  and a t  room temperature .  These d a t a  were 
e x t r a p o l a t e d  t o  zero f l o w  a t  z e r o  p re s su re  drop.  

Since the  flow va r i ed  d i r e c t l y  wi th  p r e s s u r e ,  helium flow rates could be c a l -  
c u l a t e d  a t  room temperature and a p re s su re  d i f f e r e n t i a l  o f  l atmosphere.  

Gas flows a t  room temperature  and a p res su re  d i f f e r e n t i a l  o f  1 atmosphere,  
observed d i r e c t l y ,  have been v e r i f i e d  by e x t r a p o l a t i o n  of a ser ies  of obse rva t ions  
a t  s e v e r a l  p re s su res  and temperatures .  
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Helium flow, cm2sec-latm-' x l o l o  
from temperature  d a t a  from pressure d a t a  d i r e c t  

Flow along 1114 786 780 

Flow across 361 325 300 

I n  l i k e  manner methane flows were measured both along and a c r o s s  t h e  bedding 
p l a n e  a t  s e v e r a l  t empera tures .  Arrhenius  p l o t s  (Figure 2 )  gave a c t i v a t i o n  energ ies  
o f  13.6 k c a l  mole- l  f o r  flow i n  e i t h e r  d i r e c t i o n .  
p r e s s u r e  (Figure 3 ) .  

Methane flow a l s o  v a r i e d  wi th  

Methane flow r a t e s  w e r e  ob ta ined  from t h r e e  sources .  

Methane flow, cm2sec-'atm-l x l o l o  
from temperature  d a t a  from pressure d a t a  d i r e c t  

Flow a long  1.2 1.2 1 .2  
Flaw a c r o s s  0.3 1.2 0.5 

DISCUSS ION 

The mechanism f o r  g a s  f low through coa l  could be molecular  d i f f u s i o n  through 
t h e  small pores ,  bulk d i f f u s i o n  through t h e  l a r g e r  pores ,  o r  permea ion  through 
t h e  f r a c t u r e  s y s t e m  o f  t h e  c o a l  bed. Zwieter ing and van Krevelen,- 8f u s i n g  mercury 
p e n e t r a t i o n ,  measured t h e  p o r e - s i z e  d i s t r i b u t i o n  f o r  a l o w - v o l a t i l e  b i t  inous 

t h e  v a r i o u s  flow mechanisms encountered i n  mine workings.  The r e p r o d u c i b i l i t y  
between c o a l  d i s k s  makes i t  u n l i k e l y  t h a t  f r a c t u r e  p o r o s i t y  was encountered i n  
t h e  l a b o r a t o r y  tests d e s c r  bed i n  t h i s  paper .  Di f fus ion  o f  gases  through porous 
s o l i d s  h a s  been d e s c r i b e d  
l a w )  and i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  square r o o t  of  t h e  molecular  weights  of 
t h e  gases .  This paper  h a s  confirmed t h e  a p p l i c a b i l i t y  of  F i c k ' s  l a w  b u t  n o t  t h e  
molecular  weight dependence. 
t h e  rate o f  methane; t h e  r a t i o s  observed were 800:l a t  room temperature  and 40:l 
a t  looo C. 
t h e  pore w a l l s  o r  by a c t i v a t e d  d i f f u s i o n  as suggested i n  r e f e r e n c e s  5 and 8. 

coal and found pores  v a r y i n g  from a few angstroms t o  50,000 A. C e r v i k  1y" descr ibed  

as p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  g r a d i e n t  (F ick ' s  

For molecular  flow helium should d i f f u s e  a t  twice 

This might be expla ined  a s  d i f f u s i o n  modified by g a s  a d s o r p t i o n  on 

Flow along t h e  bedding p l a n e  was f a s t e r  than flow a c r o s s  t h e  bedding p l a n e .  
The assumption t h a t  t h e  rate of  g a s  t r a n s p o r t  would vary i n v e r s e l y  wi th  t h e  d i s k  
t h i c k n e s s  was supported where a d i s k  2.2 mm t h i c k  w a s  compared wi th  a d i s k  6 .0  mm 
t h i c k .  

alonfOthe 
Methane flow d a t a  o b t a i n e d  i n  t h i s  s tudy  (1.2 x 10-10m2sec-1atm-1 

bedding p l a n e ,  0.7 x 1 0 - l o  a c r o s s )  c a  
cdsec'Latm'l repor ted  by S e n e n s t e r . 2 7  The two experiments  were c a r r i e d  o u t  on 
d i f f e r e n t  c o a l s  and p o s s i b l y  d i f f e r e n t  o r i e n t a t i o n s  of t h e  bedding p lane .  
a c t i v a t i o n  e n e r g i e s  r e p o r t e d  h e r e  f o r  methane (13.6 k c a l  mole-I)  and hel ium (3.9 
k c a l  mole-1) are c o n s i s t e n t  w i t h  d a t a  i n  t h e  r e c e n t  l i terature.  K a y s e r g l  meas- 
u r e d  g a s  s o r p t i o n  on a 30-percent  v o l a t i l e - m a t t e r  c o a l  and repor ted  10.9 and 2.4 
k c a l  mole-1 r e s p e c t i v e l y  . 

be compared wi th  the va lue  0.28 x 10- 

The 
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THERMOCOUPLE 

TO MASS SPECTROMETER L 

TO GAS SAMPLE 
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Figure  1 . -  D i f f u s i o n  apparatus.  
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Figure 2 . -  Gas flow as a func t ion  of temperature .  Methane flow a l o n g  
and a c r o s s  t h e  bedding plane o f  P i t t s b u r g h  seam c o a l .  
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